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ABSTR._C_T

The amplitudes and differential doppler of two radio si nals trans-

mitted to ._lariner 5 as it was occulted by Venus are utilizPd to derive

the davoand night-side ionization dist.r, ibutions in the upper atmosphere

and the temperature and pre_;sure profiles of the lower atmosphere. Both

sides of Venus have ionization peaks near the t40-km altitude lex'el; the

daytime peak is 30 times greater in electron nu_,ber density. The nigh,.-

side ionosphere e.x_ended up to an altitude of at least lO00 km, and the

day-side ionization terminated in a plasmapause near a 500-km altitude.

The neutral atmosphere w_,s probed down to within 35 km of the planetary

surface.
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Chapter I

I NTRODUCT I ON

Tile initial analysis of the Mariner 5 clual RF occultation e:'per_ment

provided p_'eliminary results for the day and night-side ionization pro-

fiIes on Venus [Mariner Stanford Group, 1967]. the results were based

primarily on xntegral inversion of the dispersive doppler data, assuming

that the effects of multipath provagatien were negligible. Tile purpose

of this report is to present the results of a complete study on both the

doppler and amplitude data. Model-fitting and inversion technaques are

employed, and in addition to deriving ionospheric electron number-density

profiles, pressure and temperature profiles for the tower neutral atmo-

sphere are also deduced.

Before describing the analysis of the data, the measurements will be

reviewed briefly. The experiment was conducted by ,ransmitting two har-

monicall) related frequencies-v49.8 and 423.3 MHz (phase modulateu at 7692

or 8692 Hz)--from a tS0-ft parabolic dish at Stanford, Califurnia, and by

receiving the signals with phase-locked receivers in the spacecraft. The

transmitter powers were approximately 350 kW at the "lower frequency and

30 kW at the higher frequency. Circularly polarized waves were trans-

mitted from the dish, and linearly polarized low-gain antennas were

utilized for reception.

The primary purpose of the experiment was to measure the differential

doppler and the group path together with signal amplitudes as the space-

craft passed behind the ionosphere and neutral atmosphere of Venu_. The

data were stored on a tape recorder in the spacecraft and sent back to

Earth over the telemetry system after emersion from occultation.

Differential doppler measurements were made by c0ntlnuously counting

the zero crossings of a beat note obtained by comparing the lower frequency

to the 2/17 subharmonic of the higher frequency. The doppler counter was

read out every 0.6 s during the experiment. The relative phase of the

avdio-modulation tones of the two radio-fr¢_uency carriers provided data

on the differential group path. The signal intenslties were measured

every 0.6 s by sampling the outputs of the amplitude phase detectors.

1 SEL-69-003
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A fnore detailed description of the spacecraft's instrumentation has beea

pre_ented by Long and Fair (1968).

The Mariner 5 occultation measurements were made on 19 October 1967,

ana Fig. l shows the geometry of the experiment. Immersion and emersion

occurred on the night and day sides,

_z respectively. A map of Venus illus-

trating the locations where the atmo-
RAYPATH

i ASYMPTOTE _,
fROMTHE sphere was probed by the radio signals

i EARTH ' _(rloZs) SPACECRAFT

I ]':_ is shown in Fig. P. The foil Jwing

chapters su1_narize th0 analysir of

the data.

. r

._ _- ASYMPTO rE,_

'/-_CROSS SECTION
OF vENUS

_R_YPATH
FROM THE E.ARTH

Fig. I. OCCULTATION GEOMETRY.

DAY SIDE (OCT, i9, 1967)

90j_/1 ,p,, r,,1 j_,, | T I [. r l,. i," [,1: ,r, I /'/_ [ '1 , _ __.,

6o[:.,".,"! i -
NORTH [L /',,//! " _ . MARINER 5 -

30_7"- ". _ MARINER 5 __ _ , LANDING SITE ,,_- EMERSION ,P:_. la[ I - . / ./_

tSO 150 120 90 60 30 0 _10 60 90 120 150 180
WEST EAST

Fig. 2. Y4P OF VENUS SHOWING LOCATIONS WHml_
OCCULTATION MEASUREMENTS WERE MADE. Zero-

meridian plane contaLns the Earth at in£erlor

conjunction. Areas marked _ and _ are

strong radar scatterers [Goldsteln, 1965"].
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Chapter I f

TIlE PLASMA TAIL

The differential doppler and group-path meqsurements provide data o;,

the total electron content (J_ntegrated electron n0mber density al._ng the

propagation path) between gtanford and Mariner 5, and the results obtained

near planetary er, counter are iilustrated in Fig. 3. To utilize the_'e d_,ta

so as to determine the spatial distribution of free electi-ons ar(,_,c Ven_:s,

the electron content contributed by the rest of the medium (the terrestrial

ionosphere and interplanetary space_ must be subtracted. The electro_ con-

tent of the Earth's ionosphere w_s measured between the Applications Tech-

nology Satellite (ATS) and Stanford during the erperiment, and these i-e-

sults are also shown in Fig. 3, efter correcting the ATS measurements for

the different path to Mariner. By subtracti.,g the electron content of

the Earth's ionosphere from the total content and fitting a straight line

to the resulting curve in _he time intervals just preceding and following

the occultation, it was determined that the average interplanetary elec-
-3

tron number density along the path was about 5.06 em al e_counter. The

corresponding rate of change in this number density w, _ .pproxlnately

0.4 cm -3 hr -1. With this linear approximation for *b nterplanetary

density, the residual electron content produced by _., _ocal ionization

surrounding Venus can be computed, and the resulting _rve is illustrated

in Fig. 4. The rapid changes _t -4 and 24 min from _ _._mter were nroduced

by the topside of the nigh_-and day-side ionospheres respectively. The

slower increase, commencing approximately ]4 min b_fore encounter, may

have been caused by a tail (or wake) of ioniT:'t*,m extending out on the

dark side of Venus, or it could have been produced by a t.3-percent non-

linear increase in the average interplanetary electron number density at

that timo.

The linear fit used to approximate the average electron number-

density changes in the interplanetary medium is only adequate near occul-

tatlon. The inclusion of higher order terms would provide a better flt

over a larger time interval (a_d thereby, for example, reduce the residual

electron content prior to -26 mln) but would not have an important impact on ,,

-' 3. SEL=69-003
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Fig. 4. RESIDUAL ELECTRON CONTENT VS _lY._ FROM EN-

COUNTER. Residual content was obtained by subtract-
ing the contribution from the ter)_striaI ionosphe:-(

and the i)_terpianetary medium from the tota_ content

measured between Stanford and Mariner 5. Average

interplan_tara' electro_ number density at encounter
(5.06 cm- } and its ti_e rate of change (0.4 cm -3 hr-l_
were determined by assuming a zero-mean residual con-

tent during time intervals -26 to -14 min and 25 to
33 min.

the question of vhethe_ the plasma _ail on the night side of Venus i_ real.

The folloa'ing discussion of the spatial properties of the plasma tail Is

based on the simple linear approximation to the interp!anetary electron

number density.

Preliminary analysis of the differential doppler data pertaining to

the hxgh-altitude nighttime ionization on Venus was based on the assump-

tion that spherical symmetry prevailed out to at least the 4000-km alti-

tude p.iariner Stanford Group, 1967]. However, the striking dilferences

between the day-and night-side residual eT_ctron content data show clearly

that the distribution of ionization was not spherically symmetric. Fig-

ures 5 and 6 illustrate alternate interpretations based on the assumption

that interaction between the solar wind and the upper atmosphere produces

an ie ization tail p:edomlnantly cylindrical in shape with its axis of

symnetry parallel to the solar-wind velocity.

A unique determination of the spatial electron number-density dis-

tribution in the plasma tail would require occultation measurements along

many d_ffervnt paths. To invert the integral equation that relates the

electron n,_r density to the residual content of Fig. 4, the density

5 SEL-69-003
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?C 4v, G 8CC e!_'c_ _

-- 800 e, ;.P] EARTH TRACK

. '_:" ............ SOLe-R w,,"JC

_@_ DIRECT*ON

CRO_$ 5ECT_CN

OF _/ENL,S

",.-D,t.," 5rDE
P_ _SM-'- PAdSE

.-f

Fig. 5. SPATIAL PLASMA DIS2RIBUTION IN TAIL, ASSL'3IING
NO AXIAL Nt,_IBER-DENSITY GRADIENTS. The nlane of the

figure is perpendieu!ar to the ecliptic, bolar-wind

velocity was approximately 575 km/s, corresponding _o

an aberration angle of 3.5 ° [Bridge et al, 19677.

E 't_,-aH TR._CK
a"

• SOLAR WiND
DIRECTION

_" cROSs - SECTION

bF VENUS •,

200 400- 800 el/cm s ""

.,.I_- D,,'_Y SlOE
- - .... PLASMA PAUSE

,,

Fig. 6. SPATIAL PLASMA DISTRIBUrION _IN TAIL, ASSL_IING EXPONENTIAL

DRCREASE [exp(-z/Hz)] OF TItle. NUMBER DENSITY ALONG AXIS OF SY_.BIETRY.
Hz = 2250 km.

changes in the axial direction were specified. The corresponding radial

variations in the _umber density then c_uld be calculated readily by

adopting techniques described previously [Fjeldbo and Eshleman, 19681.

The cesults shown in Figs. 5 and 6 are for the cases of no density change

and exponential density change, respectively, along the axis of symmetry.

These £igures illustrate how the number-density distribution changes

SEL-69-003 6
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:,h(.n th,, _cale h£'lghl alollK t!le axis :_f ._vmnlelrv I! 1'_ i:_cr__,!'a(',I l,.',,r,
Z

2250 k,_ to lnlinity. ;/educin_ Ii bel,_,_ 2250 kw v_:eld. _ negat let _ ,.._1,,, _-
Z

t,_r tho number (l_,i_.siiy at a ctista_ce of about ,t000 kr_ lr,_rl tile. aXlS ,'1

the cvi indef.

In deriving the residual conten" _,i" Yig. t, tht. ATS data were, u-q,d

to subtract the contribution of the terrestrial i¢,n,_sphete from the t¢,tal

content. The residual content has also bt, en determined from the :,':,rlnor

data in a more direct manner, without Iirst s(,parating the content ,_f the

interplanetary mediun and the terrestrial ionosphere. This compute1 ion

was done by fitting a straight line to the total electron con*ent (Fig. 31

prior to -I3 rain and by using this as a zero reference for calculal in_

the residual content. This approach produced essentially 'he same ioni-

zation profiles as tt:ose illust:ated in Figs. 5 and 6 and shows that what

here has bee._ intez°preted as ionization on the night side of Venus was

not caused by a local anomalous decrease in the terrestrial conlent aIong

the Stanford-ATS path.

The question of whether the high-altitude residual-content data should

be interpreted as an ionization tail is not likely to be rvsolved b_.fore

measurements fan be repeated with a planetary orbiter. This experimental

configuration offers the advantage chat the content data can be averaged

over many occultations, thereby reducing noise caused by the terrestrial

ionosphere and the interplanetary medium. Repeated measurements thro_gh

different portions of the ionization tail would also provide three-dimen-

sional number-density resolution (if temporal changes are negligib'2"e) and,

timrefore, eliminate the necessity for simplifying assumptions such as

those employed in this study.

An even better arrange[,mnt would be obtained by simultaneously con-

dnct]ng propagation experiments between the Earth and two orbiters. While

one is being used to probe the up_er atmosphere, the other could monitor

changes in the terrestrial Ionosphere and the interp__anetary medium and

thereby provide zero reference for the rca_.,i_! content. An experiment

of this type is planned for the 1971 dual-orbiter mission to biers. That

oxperiment may al-_o throw new light on the Marin,.r 5 high-altitude dual-

frequency occultation data because-both Mars and Venus appea_ to lack a j

significant Intrinsic magnetic field and, therefore are expected to lnter- " i

' Iact with the solar wind in similar ways.

7 .III!l,.,eg-_ _I.
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Chapter _ _ I

TIlE NIGH'r-SIDF IONOSPItERE

The principal ionosphere of Venu* ¢ produces a much larger time ."ate

o; change ip the electron cot:tent than is evident in other portions of

the data _see Fig. 3). Interpretation of this feature tn the dal i is

therefore affected much less by the electron content noise of terrestrial

and interplanetary orb_gin than is the interpretation of the dP,, on the

dis_.ribu-:ion in the tail.

Figure 7 shows the vertical ionize,ion pro£ile on the night s:dc of

,ncs, _ssuming that the plasma tai-1 has the form shown in Fig. 5.

7100 F

i NIC_'JT S_n_"_

,oo4
I l_,=z_"ii'T,'_°_
iH.=1640 km, 900

6900

E 6800t 700

g oo_ .oog

I- 6 -

i _= _I,S,.m. -.... _ 400

I_p,32 km --_.._. 200

m i • 44(C(_)o T= T|O "K :''-__=.. {
620(: m, = 28(r :_'. I_).Ti ,450 "K

m- t6(O*I'Tp'260q( I I00

6100

,i OI , i

I0 3=10 I0 | 3xlO = lOS 3 =lOI 104 3i104

ELECTRON NUMBER DENSITY (¢m "s)

Fig. 7. _NIGHT-SIDE IONIZATION PROFILE. Plasma
tail was assumed to have the shape shown in

Fig. 5, --.

L
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"_,._ solid purtlon of th,:- _-urx'e wa._ obtained b v invertin_ the differe_...'.ial

doppler ,lata, as_um-z:g spherical symmetry aroun-1 the planet's center o"

mass. Running point averages taken over an ahitude interval o ¢ abo_t

90 km _'as omplo)¢_ in smoothing the profile above the 300-km altitude. _`

The noise neen beio;_" this level "_'as caused by the doppler count quan!i-

zal ion.

Beca,_e el the mul'ipath .Dronagati°n.._t 49.8 ',_!z_ , _..ve_ ....-_':. o'." t_c

doppler data does not ,:ield a, .,ccurate profile in the lower ionosnhere.

The stippled portion 05 the profile was therefore deduced lror_ the ampli-

tude variations observed on the 423.3-Mltz signal.

The ionization peak near the lqZ-km altitude hac an electron r.:Jmbc-r

der, sity of approxi.m, ately 2 "." IO4cm-3; it is located at the same altitu-'e

as the day-side pe_'k and may have been produced by plasma transport Iror_

the sunlit side of the plane_. It is also possible that the nighttine

layer is analogoJs to the terrestrial E andD regions.

Above the ionization peak, +.he plasma scale height is approxir, latel__

kJn--corresponding to a temperature of 710°K if CO: is the principal32

icon. A marked change in the scale height near the 2oO-_-_, altitude prob-
+

ably reflects the trar.sition to a lighter ion such as He ; above the

700-kin altitude, the principal ion ma:." be H+. If these i: :erpretations

are applicable, all _hree altitude regimes _'ould have approximately the

same plasma temperature, i.e., 660 to 710¢K. This temperature is, inci-

dentally, in good agreement with the 650°K day-side therJuospheric te::a-

perature derived from the _Iariner 5 Lyman AlIha measuremer:s [Barth, 1_.6S s

and also with theoretical temperature estimates based on a pure CO2 atmo-

sphere [McElroy, 1968]. A few alternative interpretations, in terms of

ion masses and plasma temperatures, are indicated on Fig. 7.

The shape of the ionization profile above the 200-km altitude is

very sensitive to how the plasma is distributed in the tail. Figure 8
L

shows the vertical ionization profile if the plasma tail had lhe form

The altl-tude scale uHlized in the figure s of this report was obtained

by assumin.g a planetary radius of 6050 km. .Inalyses of radar data [Ash
et al, 1968; _lelbourne et al, 1968]:and _ork on both radar and Mariner

5 data [Eshleman et al, 19611] yl_:ld values for the radius of Venus

ranging from 6050 to 6056 km.

SEL-69-003 10
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f
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N 63001 [, {
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6200 i m'l : 44 (CO;). TII =6ZO "K _22---_ {m, =281C0".N_1. T =395"K IO0

l m.,= 16(0°1. T, =225 "K j

6100 t

;0 3= I0 iO e 3='0 z .'05 3,, IO3 104 3, '0"

ELECTRON NUMBER DE_NSITY(rm"_'"

Fig. 8. NIGHT-SIDE IONIZATION _ROFILE FOR T}_
CASE OF NO TAIL. Same resul_ is obtained if

plasma tail has the form sho_n in Fag. 6.

illustrated in Fig. 6; the same profile ts obtained zor the case of no

tail (i.e., if the residual electron content attributed to the tail u;,s

caused "nstead by a nonlinear variation in the interplanetary content).

As already noted, the ionization region near the peak was studied

by fitting the defocusing p_,_duced by a Chapman layer to the amplitude

variations observed on the 423.3-MBz radio link. Four parameters were

varied in the Chapman layer: altitude, peak density, and the botton_ ana

topside scale heights. The resulting flt is zllustrated in Fig. _, where

the full-drawn and the stippled curves represent the measured and com-

puted signal amplitudes, respectively. The-si_nature of t,.c_ain layer

was observed betweer 3.4 and 3.26 mln before encounter. Maximum de-

focusing Occurred at -3.3 mln, when the radio ray passed 4 km (about

half the bottomslde scale hel_,t) below the ionization peak. At 3. t8 min

It SEL-69-003
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to en¢'ou:lter, the amplitude started dropping sharply because o$ defoc,as-

ing in the lower neutral atmosphere.

Figure 9 shows that the s_gnal level on the 423.3-MHz channel fluc-

tua;ed about "I dB, with a period of the order of 1 s during the time

interv.,l trom -3.26 to -3.18 rain from encounter; however, the period of

these ')sc_llations may _,ctually have been shorter than I s. ]'his can:lot

be xertlie,t because the spacecraft instrument only ¢,_mpled the amplitude

ALTITUDE (kin)
300 200 I00 60 50 45 40 35

i .

IMMERSION i:
- 423.3 MHz :

. -- MEASURED i
\ COMPUTED !_ 6

|

-8 _-- !

-I0 _II.

_-12 I'I_, l'i'l
_-14
W

I

_ -2O

-22
i

-24

-28

-30

-32

_34.1 . . , .... I , , , • , .... I .... I , . . , .... 1
"3.5 -3.0 - 2.5 - 2.0' - 1.5 - 1.0 0.5 0

'" TIME FROM ENCOUNTER(rain) _

Fig. 9. OBSERVED AND COMPUTED AMPLITUDE VARIATIONS AT 423.3 MHz DURING

- IMMERSION. Filtered version of amplitude data appeared in the prelim-
inary report [Mariner Stanford Group, 1967].
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every 0.6 s. The four amplitude minima observed during the time Interval

discussed here may have been caused by four lhin ionizalion law.,rs with

density on the order of 104 el/cm 3. The-=e layers would nave to be lo-

cated very low in the atmosphere, the lowest layer near the 1-mB pres-

sure level at the 87-kin altitude (see Fig. 12) and the highest near the

12O-km altitude. As discussed below, the _mplitude fluc_.t,ations may

a'so be scintillation effects caused oy horizontal irregularities in the

ionization profile near the 142-kin al'itude level. _uch Irregular_tles,

or patches, are commonl.v observed in "he terrestrial E region (Smxth,

Jr. , 1957]o

Based on ray theorv, defocusing produced behind a spnericnlly _:,'m-

metric ionization blob with gaussian elect_ n density distribution

[N(r) -- N exp(-r2/a2)] is given to first order by
0

-700 __ exp(-_ /a-) _,_2
Gr _ f2 a /

where

G = focusing behind the blob (dB)
r

f = radio frequency (Hz)

N = electron number density at center of the blob (m -3)
o

a = radius of blob at the N /exp density level (m)o

z s = distance between spacecraft and blob (_pproxim_tely 107 m)

p = distance between center of blob and radio ray (m).

Using the above equation, the size and density required can be estimated,

if blobs of this type are to explain the observed variatio_s in the

423.3-MHz signal level between -3.26 and -3.18 min from encounter. It

is found that a l-dB dip in the amplitude of 0.5-s duration requires a

gaussian ionization patch of 1.8-km radius and a central density of

2.7 × t0 4 el/cm 3. Note that the defocusing is proportional to the ratio

between the density N and the radius a. Thus, smaller blobs witho

lower density would also explain the observations. However, the size

and density cannot be aetermined if the blobs have a radius smaller than

1.8 km because of the limitations imposed by the amplitude sampling rate.

13 SEL-69-003
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q he 423.3-XIHz amplitude data do not yield a unique electron number-

density distribution. It is believed that the maximum defocusing ob-

served at -3.3 min from encounter should be interpreted in terms of a

layer, but the successive fluctuations in the signal level may have been

caused by eitiler layers or patches. Further analysis of the S-band

doppler measurements might throw new light on the night-side ionosphere

of Venus [Kliore et al, 1968].

Figure I0 shows the variations measured in the 49.8-._IHz _:iKnal level

IMMERSION _j
498 MHz

MEASURED
COMPUTED d

,L
0 J!u
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I-- -I0 '111
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i!
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-16

-18
I

-20

-22

-24

-26
-3.5 -30 -2.5 -2.0 -1.5 -I.0 -0.5 0

TIME FROM ENCOUNTER(rain)

Fig. I0. OBSERVED AND COMPUTED AMPLITUDE VARIATIONS AT 49.8 MHz DURING
IMMERSION.
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(full-drawn curve) and the amplitude computed f:om th,. _ ionization pro:ile

in Fig. 8 {stippled curve). The ionization profile in Fig. 7 ,,ields es-

senlialh" the same variations in signal level because the hi_h-altilude

topside--where it differs from the profile shown in Fig. 8 .... ontributes

very little to the focusing.

Computed and observed differenlial doppfers are shown in Fi/. ll.

:,ote in comparing the two curves [h-_t

IO_ ] frequency splitting caused by multi-

:I
IMMERSION /

j path propagation cannot be observed
-- MEASURED j

_ CO_'_PUTED i with phase-locked receivers, and onh"

2: 4 data obtained prior to -3.4.t rain could

uJ 2 / be utilized in the doppler inversion

0" C --

d" The 49 8-_tz receiver remained
_<

I- "_ locked to the signal coming nearlvUJ

UJ -
,. , straight from Earth until it passed

-8 through the second caustic at -3..t4 rain
UJ

> IO_- from encounter. It then locked o_to
uJ
0--12 a much weaker signal that was uefoeused
O0

-14 by the main layer. From then on, there

-16 are large differences between the mea-
t

-18 \ sured and the computed properties of

. , _ ; L , _ the 49.8-MHz signal. These differences
"201 -5 5 - 5 0

TIME FROM E,,C_.'NTER(mln) are probably the result- of ionospheric

irregularities that cause the signal

Fig. it. OBSERVED AND COMPu "rD
to arrive at the spacecraft via a lqrge

' DIFFERENTIAL DOPPLERS VS TIME
DURING IMMERSION. number of different ionospheric paths.

Blobs of the type used to explain the 423.3-MHz amplitude fluctuations

would produce very iarge amplitude changes at 49.8 MHz. Some of the deep

nulls in the amplitude data may correspond to locations where the receiver

changed lock from one ray to another. As discussed previously, there Js

no method to determine the exact shape and location of these ionospheric

inhomogeneitles; therefore, they are not included in the calculation of

- the stippled curves in Figs. I0 and ll.

15 SEL-69 -003
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All ampl/'ude computations i]Iustrated_ the figures of this report

are b_sed on ray theery This apDroach do!_not provide an accurate rep-

resentationof the nmplitude of signals passing through regions where ttle

slr_cture of _he ionosphere is sm_ll when compared to the Fresnel ;'one.

A more precise calculation would require wave-theory treatment. The lim_-

tatlons of ray theory are particularly obvious at the caustics, where it

predicts infinite signal amplitudes. The wave theory is in much be_ter

agreemen_ with observations and yields a finite signal level in these re-

gions. An approximate solutioi], based on the Huygens-Kirchhofl principle,

is available for the caustic regimes [Budden, 1961], and the signal inten-

sity is expressed in _erms of tabulated Airy integrals.

The size of the first Fresnel zone is a _onvenient measure oi the

altitude resolution thal can _e achieved by the o_eulta_ion experime:)t.

In the absence of atmospheric refraction, the-diameters of the first

Fresnel zone are 5 and 14 km at 423.3 lnd 49.8 MHz, respectively. Re-

fraction has lhe effect of changing these zones from circular to elliptic.

In the atmospheric and ionospheric regions _hat produce defocusing, the

curvature of the wavefronts is increased in such a way as to squash the

Fresnel zones into ellipses with minor axes in the vertic_l direction.

The result is an improved altitude resolution in regions that cause de-

focusing: conversely, the resolution is reduced in those portions of the

ionosphere that produce focl, sing.

The dual-frequency recrtver was originally designed for interplanetary

measurements [Koehler, 1965; Long and Fair_ 1968]. The Mariner 5 experi-

me_t was, therefore, best suited for probing regions with small electrcn

number-density gradients. Multipath propagation'in the principal iono-

spheric layers introduced ambiguities in the differential doppler data;

thus, it was necessary to utilize the less accurate amplitude data in

st'_dying these regions. One method to improve the differential doppler

measurements would be to record the frequency splitting caused by multi-

path'propagation instead of relying entirely on phase-locked receivers.

Another method to increase the versatility of these measurements would

be to include one or more higher radio frequencies in the experiment

[Fjeldbo et al, 1965]. Such measurements are being planned for the

Marinel mission t_ _,.rs in 1971.

SEL-69-U03 16
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Ch.,pl er IV

Tile t,O_Vt,:R AT._IOSPI[kI_E

Composition me-lsurements made with the USSt2 larzder, \enera-1 [Vino;,r.,.dov

et al, 1968], indica-_e thai CO2 makes up 90 ' 10 percen_ cf the lower z,_-

mosphere of Venus. Molecular nitrogen apparently constitmes less that:

7 percent by volume and water vapor O. [ to O. 7 percent.

None of the gases detected with _he ;'enera 4 instrument' "ould pro-

duce a measurable absorption at the radio frequencie._ empIo.:ed in the aual-

frequency experiment. Thus, it is reasonable to assume th;_ rclr:_ctive

defocusing is the only effect that causes the signal level to decrease

behind the atmo.pphere of Venus. Based on this a_sumpt_on, one c.m deter-

mine the vertical refractivity profile of the neutral a_mosphere probed

by the radio signals. This profile, in turn, can .9 utilized to derive

the pressure and temperature profiles of *.he atmosphere [Fjeldb¢, and

Eshleman, 1968].

Figures 12 and 13 are the vertical pressure _ ;d temperature profiles

determined by fitting the defocus-
PRESSURE _,atm ), 18_ e/, CO;h 15"/e N 2)

_,5o[ ooo, oo, o, _o ,oo_,ooo ],oo ing produced behind different model

6130 80

_ and ewersion (Fig. 14). Pressure

• ,20 ,o and temperature are seen to differ

% 6,,0 60_ on the two sides of the planet. To

, - illu._"rate to what extent the im-
6to0 50

_ mersion and emersion da_a differ,

_ 6o_ N,G_ 4o 15 is incl,:ded to illustrateFig.

6o8o _-, that the day-side m,_del yields too
el

much defocusir.,g on the night side
6O7( 20

and the night-side model too little
6061 tO

defocustng on the day side. _

$05G _
ooo, oo, o', ,o ,oo ,ooo_oo0g Preliminary inversion of the

_s_,_(,,,).,oo% coo S-band d'oppler data gave essen-

Fig. 12. PRESSURE VS ALTITUDE ON t_ally the same pressure and tern-

DAY AND NIGlfr SIDES OF V_N/JS.
perature p_'ofiles on botn sides
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Fig. t3. TE:..WEILATURE VS ._J.TITUDE ON DAY
AND NIGHT SIDES OF i_Nt'S.

of .*Re planet [Es_leman et _1, 1968]. The S-band results are in good

agreement with the night-.c__de profiles sho_m in Figs. I2-and 13 [gliore

et al, 1987; Kliore et al, 1968].

Relraction caused the direction of arrival of the 423.3-MHz signal

to change during the occultation experiment, but uncertainties in the

spacecraft's antenna gain appear to be too small to account for the dif-

ferences between the imm_.rsion and emersion amplitude data. Variations

in transmitter power and receiver amplifier gain were probably also neg-

ligible. Absorption in the day-side ionosphere can be ruled out because

it is expected to .reach a maximum at about 23.0 min from encounter while

the propagati_,n path passed tangentially through the lower ionosphere

As illustrated by Figs. L4 and 18, any indication of ionospheric absorp-

tion does not appear at that time: however, daytime absorption in the

neutral atmosphere may have produced th_ observed amplitude differences•

This interpretation would require that the absorbing agent be distributed

between the 47 and 60 km altitude in theday-side atmosphere and not be

. active on the "night side of the planet. Ionospheric defocuslng, produced

by horlzont_l electron number-density gradients in the day-slde ionosphere,

also may have contributed significantly to the observed differences.

SEI_69-003 18
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Fig. 14. OBSERVED AND COMPUTED AMPLITUDE VARIATIONS AT 423.3 MHz DURING
E_RSION.

The possibility of horizontal ionization gradients in the day-side

ionosphere was first noted during the preliminar) inversion of the S-band

doppler data; this S-band analysis was also based on thc_ assumption of

spherical symmetry. It gave a refractivity profile which had a constant

- 19 SEL-69-003
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po-_itive offsel !re:', ,er_ between the neutral atmo__pl:_-rc- and the l_.no-

sphere. This p,_sltive refractivity ,," s3t, which occu£red _t: the, 100 t,,

125 km altltude regime where the neulr:.l atmosphere is t_;_. ,hin t,_ :,:e:,-

su;'ably ._ffec? the radio link, r._ay have bveli cal,sod b.v horizol_tal i,miza-

tJo_: g,-adients. However, it is als,, possible :hat the of facet w::s prodRced

by frequency drift in the spacecraft's auxiliar.v oscillator--iv, this case

the S-band teraperatur ,_. profiles would be in rror. Fl,rther anal.vsis ,,f

the S-band amplitude and doppler data ._nd e,,r_pariso:: witl'. _!,.,-..-res,.:!'..s re.-

ported here might solve this problem.

Loss of lock on the 423.3-Mttz channel occurred at -0.3 r..lil_ from en-

counter (see Fig. 9). At this time, *,.he lowest point on the ray pas._:d

35 km above the surface where the pressure wos approximately ,6 aim. _he

data do not provide anformation abou _ the atmosphere below this altitude

level. The depth to _.',ach the radio ray probed before loss of lock oc-

=urred was limited by the transmitter power. However, even wilh unlimite_

power, one would not have been ab!e to probe down to the surface because

of critical refraction. T:,e critical-refractiv_ properties of the atmo-

sphere of Venus Oecame known when the t'SSR lm_der, Venera 4, made its

direct measurements [Avduevsky et at, 1968; Vinogradov et al, 1968] on

18 October 1967 (one day prior to the Mariner 5 occultation experiments).

The spacecraft's dual-frequency instrument continued to sample noise

output from the 423.3-Mtlz amplitude phase detector after loss of lock;

data points between -0.3 min and encounter show the relative level of this

noise. Signal reacquisition on the 423.32MHz channel occurred ,_ 21. t rain

from encounter, corresponding to an a.$t-itude of approximately 47 km. The

49.8-MHz receiver locked up much later because of severe scintillations

and critical refraction in _he day-side)iGnosphere (see Fig.-t6). -

J

2

-D

*-Critica I refraction occurs in atmospheric regimens where the radius-of

curvature of a horlzontal ray becomes eql_al $o, or smaller than, t_he dis-

tance to,the planetary center of mass. No rays can-probe ta.ngentlally

tBrough such reglons. :" _ -' '
• -. - - c.
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Fig. 16. OBSER%T_D A_\_ COMPLIED A_IPLITUDE VARI-

ATIONS AT 49.8 ,_tz DURING EMERSION. Amplitude
readings below the -20 dB level were produced
by instrument noise while the receiver was out
of lock.

The discontinuities in the computed amplitude curves at -2.9 and 22.7

mtn from encounter occurred when the ray grazed the night- and day-side

tropopause. The abrupt change in the temperature lapse rate at the tropo-

pause of the model atmosphere produces this effect.

The 423.3-MHz amplitude data show two dips at -2.25 and -2.0 min from

encounCer; these dips are also present in the S-band data [Kliore et al,

1367], suggesting that they are scintillations caused by refractivity ir-

regularities or are due to frequency-independent absorption in the neu-

tral atmospherev Dissipative absorption does not have any effect on the

frequency of the signal; however, scintillations would be expected to

cause frequency perturbations and perhaps splitting , slmtlsr to that ohown

in Fig. 11. Spectral analysis of the S-band data, therefore, may help to
• ;_

resolve these two possibilities. _ -"

0

L

A gausilan refractivity blob with a 1-km radius and a temperature of {_!
about 30°K above ambient would cause such a dip. ,
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Chapter V

THE DAY-SIDE IONOSPHERE

Invers:_m oi the S-band doppler data provide" the day-side ioniza-

ti,.m profile tKliore et al, 1968; K!iore et al, 1967]. Caustics were

formed behind the main layer at both 19.8 and 423.3 ?,B[z, and this po---

tion of the dual-f:'equency data is ambiguous. Portions of the423.3-MJiz

amplitude data, however, do add credence to the results obtained from

the higher freouency.

Figure 17 shows a smooth fit to the ionization profile, deduced

fro_ integral inversion of the S-ba:Id doppler measurements, l'ssng this

profile, the signal amplitudes at the lower frequencies can be readily

computed, and the results are illustrated by the stippled curves in

Figs. 14, 16, and 18. Figure 18 shews quite clearly how the 423.3-MHz

receiver changed lock from one ray to another during emersion--always

trying to remain phase locked to the strongest signal available. Note

that the computed (stipples) curves do not include the effects of iono-

spheric and atmospheric irregularities which caused severe scintillations

on both radio links.
@210 , . ,230

Calculatlons of the 49.8-1t_tz oars,or |

:_ _ _ 220

4
I

amplitude (see Fig. 16) snow tke +,0

absence of any signal from 22.0 -,tso _zoo

+ ,to 23.4 min _rom encounter; this ,t,o ],t0
68:50 -_ tO

!
absence was caused by critical r_- u_ ;,,o,+

fraction on the bottomside of _ +t!0 _ J,,0]

the ionosphere. The vertical _1_ _ _,,b{e_"°_

plasma gradients in this region { !

!"" I'"were so great that the radius of _ ,,,_.-''"
o ]rio

curvature of a horizontal ray was °,,, -1-o

f..smaller than the distance to the *,s,

planet'ts ce.nter of-mass. The .,,©0_ ,@' | .p ,=- ,=. #,,, ,,_" .,,,@-Io
II.IITIKIII _ O[_lTV !¢_

49;8-_z ray, therefore, was un-

able to probe tangentially up Fig. 17. SNO_l_! FIT TO T[_ DAY-
SIDE IONIZATION PROFILE -DEDUCED

tnroush this region of the iono- I_OM INVERSION OF T_ S-BAND +

sphere. _ DOPP/_I_ MEASUREMENTS. _+
++
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Fig. 18. OBSERVED AND COblPUTED AMPLITUDE VARIATIONS AT J23.3 _Z
BEHIND DAY-SIDE IONOSPIIERE.

Figure 16 shows two computed signals after 23.4 min from encounter.

The strongest signal came directly from Earth; the weaker one was bounced

off the. ionosphere befoJ'e arriving at the spacecraft. Prior to 22 mln.

two signals were also present at the lower frequency, having entered the

ionosphere at a sufficiently steep angle of incidence so as to penetrate

the main layers.

The 49.8-MHz receiver reacqulred the signal at 23.6 mln from en-

counter, 12 s later than the calcul&ted reappearance of the signal. The

delay may have been caused by ionospheric scint_llatlons.

The principal day-side ionization peak has been interpreted either

- as an F1 or an E region, having a neutral, density of 1011 or 5 X 1012cm -3.

respectively [Kliore et al, 1968]. Additional information concerning the

-dens!ty o_ the upper atmosphere of Venus is available from the photo-

metric observations of the occultation o.f the bright star, Regulus, oa :

,_ . ? July 1959 [de Vaucouleursand Menzel, 1960]. De Vaucouleurs and Menzel's

SEL. oC-003,: 24 -_
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original interpretation of the Regulus measurements favors the E-region

hypothesis for the day_ and night-side ionization peaks [Kliore et al,

1968]: however, a recent re-evaluatlon of their analysis conducted by

Hunten and McElroy (lq68) suggests that the optical data is too noisy to

be of much use in choosing between the E and F1 hypotheses.

25 ssu.e_-ooa, _
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Chapter VI

THE DAY-SIDE PIASMAPAUSE

The residual electron-content data shown in Fig. 4 suggest that

there are important differences between the ionization distribution on

the night and day sides of Venus. As discussed in Chapters II and III,

tim right-side ionization extended out to the 1000-kin altitude or more;

the day-side ionosphere appears to t.rmlrute abruptly near an altitude

of about 500 km. Figures 5 and 6 illustrate schematically the differences

between the two sides of the planet.

Figure 19 shows the dispersive doppler readings obtained after re-

acquisition of the 49.8-MHz signal at 23.6 rain from encounter. The many

2

0 A

-4

J
< -8 ..
k-
Z
w -I0
Q:

u. -12
Q •
W
> -14
(/3

tu -16 •O.
m -- MEASUREMENT
O

-18 ...............FIT

"20

,j

_ -22
23.6 23.7 23;8 23.9 24.0 24.1

TIME FROMENCOUNTER(min)
5/

Fig. 19. DISP_.RSIVE DIFFERENTIAL DOPPLER VS TZ.ME FROM ENCOUNTER.

Abrupt termination of dispersive doppler effects at 23.96 min shows i

- that.there _is no _etectable planetary plasma above approximately -
520-km altitude. .
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abrupt doppler changes evident in the data indicate that multipath propa-

gation took place during this period. Some of the doppler counts were

undoubtedly made in time intervals when the 49.8-MHz receiver changed

lock from one ray to another. These readings are not represenxativ_ of

the actual doppler shifts.

Inversion of the last dip in _he doppler data, at 23.95 mzn from

encounter, suggests that this dip corresponds to a 49.8-MHz ray refracted

from a ledge of ionization located near the 500-km altitude. This lcdgc

is indicated by the full-drawn curve in Fig. 20. The zero dopp]..r reading,

preceding the last dip, corresponds to a ray passing straight through on

7000 _ I I
- 900

6900

" -8oo
6800

- 700

6700 - -600 E

_ ,,
66oo:-_--_-l__. DAYS,DEPLASMAPAUS_-500,..=
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63oo REZ

,,,_ . _ 2006200 -
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6100 -

l I , I 1 .I 0
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Fig. _.0. DAY- AND NIC_IT-SIDE IONIZATION PROFILES.
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the topsiue of the ledge. Ray crossovers of this type prevent unambig-

uous inversion of the raw doppler data. However, a general idea of t,ow

the ionization profile should look can be obtained by fitting straight

lines to the doppler data, as indicated in _ig. 19; inversion of this fit

yields the stippled ionization profile shown between the 250- and 500-km

altitude in Fig, 20. Of course detailed resolution .s lost by substi-

tuting the doppler data with the average straight lines shown Jn Fig. 19.

This procedure nay yield the average profile independent of the iono-

spheric irregularities responsible for the strong fluctuations in the

data.

As pointed out in the preliminary report [_J_riner Stanl,rd Group,

1967], an unusual amplitude ripple was observed on the ,_23.3-UHz receiver

channel at 23.7 min from encounter (see Fig. 14). This effect probably

was caused by an ionospheric irregularity near the 400-km altitude level

where the stippled profile of Fig. 20 indicates an electron number den-
4 -3

sity of the order of 1.5 × 10 cm

Neither the amplitude nor the differential doppler data provide

information about the ionization distribution between the 200- and 250-km

altitude. Further study of the doppler data, obtained from the tracking

and telemetry system, may help to bridge this gap.

The day-side plasmapause detected by the dual-frequency experiment

probably was produced by the interaction between the conducting iono-

sphere and the magnetized solar-wlnd plasma. Venus has little or no

intrinsic magnetic field [Bridge et al, 1967; Van Allen et al, 1967],

but the planet may be shielded from the solar wind by fields induced by

ionospheric currents [Mariner Stanford Group, 1967].

29 SEL-69-003
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Chapter VII

CONCLUSIONS

The analyt_is of the Mariner 5 duat frequency occultation measure-

ments has provided a wealth of new information about the atmosphe.e of

Venus but also has brought into focus several unanswered questJens. Ex-

cept for the limitations imposed by critical refraction in the neutral

atmosphere, none of these questions must remain tnresolved because of

fundamental experimental limitations. I_ is suggested that the imple-

mentation of future experiments of this type should emphasize: (1) the

resolution of the remaining ambiguities in the day- and night-side plasma

distributions on Venus; and (2) the determination of profiles at a large

number of local times and positions on Venus.
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